The application of robots to rescue operations has attracted considerable attention. However, at real disaster sites the spaces between rubbles are sometimes so narrow that conventional rescue robots cannot pass through them. Hence, the development of a robotised endoscope with the advantages of both robots and industrial endoscopes is anticipated. In this study, a rescue manipulator was developed to search for survivors. This manipulator has a duplex mechanism and comprises two passive manipulators with a locking mechanism. One manipulator can move in the desired direction while being guided by the other manipulator; by alternating manipulators, the duplex manipulator can be moved to the desired position. Different experiments were conducted using artificial rubble to demonstrate that the proposed manipulator can search for target objects in a disaster site.
Introduction
The application of robots to rescue operations has recently attracted considerable attention. Robots can seek and rescue survivors in places where human rescue staff cannot operate owing to the danger of collapse. Therefore, many rescue robots with high mobility have been developed. Most significant developments have involved tank-type robots (Hunt et al., 2011; Guarnieri et al., 2004; Rohmer et al., 2010; Tanaka et al., 2005; Mori et al., 2006; Noritaka et al., 2008) . For example, the Future Robotics Technology Center at the Chiba Institute of Technology has developed various tank-type rescue robots (e.g., Quince, Rosemary, Sakura) (Rohmer et al., 2010) that are being operated at the Fukushima Daiichi nuclear power plant. Snake-type robots (Arai et al., 2004; Haraguchi et al., 2005; Miyanaka et al., 2007; Ito and Murai, 2008; Murai et al., 2008; Haruo and Ito, 2010) have also gained importance and are being developed. Unmanned aerial vehicles have also attracted considerable attention for gathering information (Duncan and Murphy, 2013; Voyles and Jiang, 2013) .
These rescue robots are very effective at searching for survivors over wide areas, such as a whole building. However, in completely destroyed buildings, the spaces between rubble are sometimes so narrow that neither human staff nor rescue robots can pass through. For example, even snake-type robots (Haruo and Ito, 2010) have a cross-sectional area of about 20 cm × 13 cm. However, the usual size of spaces in a collapsed wooden house is less than 10 cm × 10 cm.
In conventional rescue operations, industrial endoscopes are employed to search for survivors when the spaces are so small. Industrial endoscopes have two advantages compared with rescue robots: their thin shape and lower power consumption.
On the other hand, their disadvantage is lower mobility. Usually, only the head links of industrial endoscopes can be moved actively, while the other links move passively. Thus, industrial endoscopes go along the walls inside rubble and cannot move actively like rescue robots.
To overcome this problem, Konyo et al. (2007) proposed an active scope camera with actuators that vibrate the body to move. Thus, it has higher mobility than conventional industrial endoscopes. However, it also requires walls because the interaction between the body and walls generates the driving force. Thus, the proposed camera cannot move to the desired direction in free space.
Hence, the development of a robotised endoscope with the advantages of both robots and endoscopes is anticipated.
Previously, we proposed a duplex manipulator to search for survivors (Hirayama and Ito, 2008) that alleviates the disadvantages of industrial endoscopes and rescue robots; however, its range of movement was restricted by the physical constraints of the mechanism.
In this study, we improved the proposed mechanism to solve the problem of the physical constraints and developed a new duplex manipulator. Figure 1 shows the movement of an industrial endoscope toward a target denoted by a black circle. Usually, an endoscope is moved by pushing its rear end. When the endoscope changes its direction to approach the target, a deadlock sometimes occurs. As shown in Figure 1(b) , when the head of the endoscope contacts an obstacle, the force moving the endoscope is deflected, and the endoscope is blocked. Therefore, even if the rear end continues to be pushed, the endoscope cannot move forward [ Figure 1(c) ]. Hence, an industrial endoscope requires a wall as its guide. If there are no guides, the endoscope is deflected and cannot make progress. This is a serious problem with conventional industrial endoscopes.
Problem with conventional industrial endoscopes
To improve the mobility of conventional endoscopes, Konyo et al. (2007) proposed an active scope camera. The active scope camera moves forward by converting vibrations into driving power. Consequently, the active scope camera has greater mobility than conventional industrial endoscopes. Nevertheless, the problem in Figure 1 will occur because the joints of the active scope camera are passive. 
Locking mechanism
As shown in Figure 4 , a piston is attached to the central hose. Each manipulator has its own piston. By pushing on the piston, the hose expands until the two friction materials are engaged. The joint is thus locked ( Figure 5 ). 
Control of moving direction
The proposed duplex mechanism enables movement as follows ( Figure 6 ). First, at the start of a curve, one manipulator is moved forward. Next, the direction of the head of the manipulator is changed by pulling a wire. Then, all of the joints of the manipulator are locked by pushing on the piston. Next, the other manipulator is moved forward along the locked manipulator by pushing on its rear end [Figure 6(b) ]. Then, the locked manipulator is released, and all of the joints of the other manipulator are locked. Finally, the released manipulator is moved forward along the locked manipulator by pushing on its rear end [Figure 6(c) ]. This cycle is repeated to move the manipulator in the desired direction.
With the proposed mechanism, the manipulators can be moved in the desired direction by alternately locking one manipulator as a guide for the other. Thus, by the proposed mechanism, we can solve the problem described in Section 2. 
4 Previous manipulator Figure 7 shows our previous duplex manipulator (Hirayama and Ito, 2008) . The individual manipulators do not require electrical power for movement, so they can be operated at disaster sites by using only human power. By using the duplex mechanism, we can solve the problem described in Section 2. Therefore, the proposed mechanism is effective at searching for survivors in disaster sites. However, the previous manipulator still has several disadvantages:
P1 an asymmetrical range of movement P2 deadlock owing to friction.
As shown in Figure 8 , the range of movement in the horizontal direction is adequate to search for survivors. However, the turning range is restricted by the rail in the vertical direction. The range of movement depends on the extension of the rail. Problem P1 arises from the fact that the centre of rotation of the joint is not coincident with the centre of the rail. Figure 9 shows P2. In the case of a tight curve, the pushing force is converted to frictional force. If μ ≥ (1/tan θ), the driven manipulator cannot move forward. To solve P1, we propose a new manipulator with a rail at the centre of rotation of the joints; to solve P2, we employ a pulling mechanism. By employing both pushing and pulling forces, deadlocks can be reduced.
Proposed manipulator
To solve the problems of the previous manipulator, we developed a new manipulator for the duplex mechanism, which is shown in Figures 10 and 11 . The new manipulator is operated the same way as the previous manipulator (Section 3.3) except for the pulling mechanism. Each link has a semi-circular cross-section. Hence, by connecting two manipulators to each other, the shape becomes circular ( Figure 11 ). As shown in Figure 11 , the two manipulators share one rail that is installed at the centre. The rail is fixed to one manipulator, while the pulleys to guide the rail are fixed to the other manipulator. By this mechanism, the centre of rotation of each joint corresponds to the centre of the manipulator. Thus, problem P1 in Section 4 is solved. In addition, the size of the duplex system is reduced from that of the conventional one.
The locking mechanism was also improved to realise the semi-circular shape in Figure 12 . By pushing the piston attached to the end of the manipulator, the hose is expanded by air, and the pins engage to the holes of the link. This locks the joint. To solve P2, a pulling mechanism was employed. Figure 13 shows the pulling mechanism. Both manipulators have the same mechanism, but only one is shown in order to simplify the illustration. As shown in Figure 14 , by pulling the wire of the locked manipulator, the movable manipulator is pulled forward. This reduces the friction, and the duplex manipulator can escape from its deadlock. By this mechanism, we can utilise both pushing and pulling operations. The pushing operation is effective for the outside manipulator, and the pulling operation is effective for the inside manipulator. The mechanisms for turning the head link are similar to those of our previous manipulator described in Section 3. Details on the developed manipulator are presented in Section 6. Figure 15 shows the developed duplex manipulator. Figure  16 shows the locking mechanism. Figure 17 shows the decoupled manipulators. Figure 18 shows the pulling mechanism. Table 1 shows the parameters of developed robot. As shown in Figure 16(a) , when the hose expands, it pushes the pin until the pin engages with the hole, which locks the joint. Figure 16(b) shows the resolution of the locking mechanism, and Figure 16(c) shows the pistons to expand the hose. As shown in Figure 18 , pulling the wire of the locked manipulator pulls the movable manipulator. Figure 19 shows the camera and four LED lights. We employed a UCAM-DLK130T (Elecom) camera, which is used by the operator to search for survivors. 
Developed duplex manipulator

Experiment
We conducted some experiments to demonstrate the effectiveness of the developed duplex manipulator. First, we confirmed the movement of the head link. Figure 20 shows the experimental result for one manipulator. The head could move up to a maximum of about 30 cm in the vertical direction. The direction of the head link was controlled by pulling the wires. Next, we confirmed the movement of the proposed duplex system. We placed a small white cylinder in a threedimensional environment as a target object, and an operator controlled the duplex manipulator toward the target. In this experiment, the operator could see the manipulator and target directly. The proposed manipulator could turn in the three-dimensional environments and reach the target. In particular, it could turn without using the wall as a guide, as shown in Figure 22 . Hence, we confirmed that the proposed manipulator can solve the problem described in Section 2. The basic performance of the manipulator is listed in Table 2 .
Finally, we confirmed the searching capability in rubble. Figure 24 shows the experimental environment. A small white cylinder was set in this rubble as a target, as shown in Figure 25 . In this case, the operator did not know the position of the target in advance. A camera was mounted on top of the manipulator, and the operator searched for the target based on images from the camera. The manipulator was inserted from the right side of the environment, and we measured the time required for searching. Figure 26 shows the realised path of the manipulator, and Figure 27 show images from the camera at the positions shown in Figure 28 . The average time required for searching was about 3 min. We concluded that the proposed manipulator is useful for search and rescue operations. In these experiments, the environments were artificial and restricted to particular examples. In the future, we intend to evaluate the general performance of our proposed manipulator in real rubble. 
Conclusions
In this study, we developed a robotised endoscope with the advantages of both robots and industrial endoscopes. We improved our previous manipulator for survivor searches and developed a new duplex manipulator that can proceed in any desired direction through rubble. This duplex manipulator has four important features. First, the duplex mechanism consisting of two semi-circular manipulators with a locking mechanism allows the developed manipulator to proceed in any desired direction. Second, the pulling mechanism works with pushing to greatly reduce deadlock due to friction between the two manipulators. Third, the simple operation repeats only three steps:
1 turn the head link to the desired direction 2 lock all joints of one manipulator 3 move the other manipulator forward along the locked manipulator.
Fourth, the low energy consumption since the manipulator can be moved by human power; only the camera and LED light require small amounts of electrical power which can be supplied by small batteries. Thus, the manipulator can be operated even in a massive blackout.
To demonstrate the effectiveness of the developed duplex manipulator, we conducted experiments in artificial rubble. The results showed that the duplex manipulator could change its moving direction in three dimensions and was able to reach the target object. We concluded that the developed duplex manipulator retains the advantages of an industrial endoscope while having greater mobility.
In future work, we will focus on expanding the searching capability by adding sensors for sound source localisation, heat, etc.
